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THE USE OF METALORGANICS I N  THE PREPARATION OF 
SEMICONDUCTOR MATERIALS V I  I I. 

FEASIBILITY STUDIES OF THE GROWTH OF 1 1 1 - V  COMPOUNDS OF 
BORON BY MOCVD 

H. M. Manasevi t 
Group Research S t a f f  

Applied Technology Div i s ion  
TRW Space & Technology Group 

Redondo Beach, C a l i f o r n i a  90278 

Abstract 

Boron-arsenic and boron-phosphorus f ilms have been grown on Si s a p p h i r e  
and s i l i con -on- sapph i re  (SOS) by pyro lyz ing  Group I11 a l k y l s  of boron, i.e. 
t r ime thy lborane  (TMB) and t r i e t h y l b o r a n e  ( T E B ) ,  i n  t h e  presence  of  A s H 3  and 
PH3 r e s p e c t i v e l y  i n  a H2 atmosphere. No ev idence  f o r  r e a c t i o n  between the 

a l k y l s  and t h e  h y d r i d e s  on mixing a t  room tempera ture  was found. However, t he  

f i lms  were predominantly amorphous. The f i l m  growth r a t e  was found t o  depend 
on the  c o n c e n t r a t i o n  o f  a l k y l  boron compound and was e s s e n t i a l l y  c o n s t a n t  when 
TEB and A s H 3  were pyrolyzed over  t h e  tempera ture  range  55OOC t o  900OC. The 

f i l m s  were found t o  c o n t a i n  mainly carbon i m p u r i t i e s  ( t h e  amount va ry ing  w i t h  

growth t e m p e r a t u r e ) ,  some oxygen, and were h igh ly  stressed and bowed on Si 
s u b s t r a t e s ,  w i t h  some c r a z i n g  e v i d e n t  i n  t h i n  ( 2  pm) B-P and t h i c k  (5 vm) B-As 

f i l m s .  The carbon l e v e l  was g e n e r a l l y  h ighe r  i n  f i l m s  grown u s i n g  TEB as  the  

boron source .  
t han  t h o s e  grown from A s H 3  and TMB. 

w i t h  nominal composi t ions  
boron s o u r c e  . 

F i l m s  grown from PH3 and TMB showed a h ighe r  carbon con ten t  
Based on the i r  B/As and B/P r a t i o s ,  f i lms 

6As2 and B,. -1 .3P were grown us ing  TMB as t h e  
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1 .  INTRODUCTION 

1 . 1 BACKGROUND 

There is l imi t ed  informat ion  a v a i l a b l e  i n  t he  l i terature on t h e  growth of 
Group III-V semiconductor compounds and a l l o y s  c o n t a i n i n g  boron( B) as a Group 
I11 element and P and As as Group V elements.  Why these materials remain 
r e l a t i v e l y  unexplored is no t  clear,  fo r  t h e  III-V boron compounds have 
p o t e n t i a l l y  a t t r a c t i v e  p r o p e r t i e s  for  high tempera ture  and luminescent  
devices .  BP,  p a r t i c u l a r l y ,  is a n  i n t e r e s t i n g  semiconductor because it has a 
high m e l t i n g  p o i n t  ( - 3 0 O O 0 C ) ,  is stable  i n  composition up t o  about  l l O O ° C ,  and 
is q u i t e  chemically i n e r t  t o  normal chemical e t c h a n t s  s u c h  as aqueous acids 

and a lka l i s .  It is a l s o  a p o t e n t i a l  s u r f a c e  p a s s i v a n t  f o r  o t h e r  lower bandgap 
III-V semiconductors  such  as GaAs and InP. Its bandgap of 2.0 eV p r e s e n t s  a 

p o t e n t i a l  advantage over  Si for  high tempera ture  device  u s e  as well as for  

luminescent  a p p l i c a t i o n s  such  as l i g h t  e m i t t i n g  d iodes  which o p e r a t e  i n  t h e  

v i s i b l e ,  o p t i c a l  switches, facet c o a t i n g s  f o r  lasers, e tc .  It has been 
demonstrated t h a t  BP can be used as power r e c t i f i e r s  ( 1 1 ,  t r a n s i s t o r s  ( 2 ) ,  

d i o d e s  (3)  [ i n c l u d i n g  t u n n e l  d i o d e s  ( 4 )  1, thermoelectrics (51, c o a t i n g s  f o r  
metals (6,7),  i n  s i n g l e  c r y s t a l  m u l t i l a y e r  Si-BP-Si  three-dimensional  
composite s t r u c t u r e s  f o r  f u t u r e  device  a p p l i c a t i o n s  (8 )  ; and more r e c e n t l y  BP 

is being  s t u d i e d  for  u s e  i n  s o l i d  s t a t e  neut ron  d e t e c t o r s  (9). 

T a b l e  1 i n c l u d e s  selected p r o p e r t i e s  of the Group III-V boron 
compounds. E a r l y  reports  gave t h e  bandgap of BP as 5.9 e V  ( 1 0 , 1 1 1 ,  rather 

than  t h e  now-accepted 2 eV, and subphosphide and s u b a r s e n i d e  composi t ion of 

B6V (11,121 ra ther  t h a n  B13V2,  which appears t o  be also g e n e r a l l y  accepted 

(13,14,19-22). The s t r u c t u r e  of B13V2 is rhombohedral (14,191, b u t  for  

convenience,  hexagonal dimensions are reported (13). 

1.2 PRIOR PREPARATION TECHNIQUES 

S e v e r a l  d i f f e r e n t  methods have been r e p o r t e d  f o r  t he  p r e p a r a t i o n  o f  t h e  

B-Group V compounds. These i n c l u d e  both c l o s e d  ampoule and open-tube tech- 
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niques .  Closed ampoule approaches which have been used t o  produce bulk-type 
crystals of t h e  B-V compounds i n c l u d e  t h e  fo l lowing :  

1.  Direct union o f  the e lements  a t  e l e v a t e d  t empera tu res ;  
2. C r y s t a l l i z a t i o n  from metal s o l v e n t s ;  

3. Chemical t r a n s p o r t ;  and 

4.  React ion  of metal phosphide wi th  boron. 

Some of  the above t echn iques  may a l s o  be amenable t o  open-tube p rocesses .  

However, f o r  producing t h i n  layers of t h e  B-V compounds open-tube 
p rocesses  are p r e f e r r e d .  Seve ra l  r e a c t a n t  combinations t h a t  have been used t o  
produce boron phosphides are l i s t e d  i n  Table  2. Boron a r s e n i d e  layers have 
been produced mainly by t h e  p y r o l y s i s  of A s H 3  and B2H6 mix tu res  (20 ,22 ,24) .  

A chemical vapor d e p o s i t i o n  ( C V D )  method us ing  an open-tube system 
appea r s  t o  be t h e  most a t t r a c t i v e  p rocess  f o r  p repa r ing  B-Group V compounds, 
s i n c e  it l e n d s  i t s e l f  t o  batch p r e p a r a t i o n  of films. However, t h e  CVD 

r e a c t i o n s  already r e p o r t e d  f o r  t h e  p r e p a r a t i o n  of  these compounds l e a v e  much 
t o  be d e s i r e d .  P rocesses  which con ta in  h a l i d e s  o r  halogens are normally 
s u s c e p t i b l e  t o  impur i ty  problems; u n l e s s  the  q u a n t i t i e s  of these gases  i n  t h e  

substrate r e g i o n  can be precisely c o n t r o l l e d ,  some r e a c t i o n  w i t h  t h e  substrate  

and f i l m  du r ing  growth can be expected. Some of  t h e  autodoping problems 
r e p o r t e d  by Nish inaga  e t  a1 ( 2 6 )  and Ohsawa e t  a1 ( 2 7 )  du r ing  the  growth of 
t h e  boron phosphide compounds (e.g. from BC13 and PC13 i n  H2) are undoubtedly 
d u e  t o  t h e  r e a c t i v i t y  of t h e  substrate  wi th  t h e  r e a c t a n t s  and/or r e a c t i o n  
p roduc t s  as well as r e a c t i v i t y  between the h o t  walls of the  r e a c t o r  and t h e  

h a l i d e  r e a c t a n t s .  

1 - 4  



The MOCVD p rocess  has demonstrated d i s t i n c t  advantages  over many o t h e r  

CVD p rocesses  f o r  1 1 1 - V  f i l m  format ion  i n  t h a t  i t  is halide-free, t h u s  
minimizing au todoping ,  is adaptable t o  conven t iona l  ep i t axy  r e a c t o r s  normally 
used f o r  e l emen ta l  semiconductor growth, and requires on ly  one c o n t r o l l e d  hot  
t empera tu re  zone ( t h e  d e p o s i t i o n  r e g i o n ) .  Systems f o r  performing large area 
growth of 1 1 1 - V  compounds and a l l o y s  are commercially a v a i l a b l e ,  

I t  may be tha t  the autodoping problem tha t  was r e a l i z e d  i n  t h e  B2H6-PH3- 
H2 growth p rocess  (28) w i l l  no t  occur  when a me ta lo rgan ic  is t h e  s o u r c e  of 
boron and t h a t  s t o i c h i o m e t r i c  BP and BAS w i l l  be gene ra t ed  a t  a lower 
temper a t  ure . 

T h i s  f e a s i b i l i t y  s t u d y  is being l i m i t e d  t o  t h e  use  of  t he  h y d r i d e s  as 
Group V s o u r c e s ,  mainly due  t o  t h e  convenience of working w i t h  these h igh  

p u r i t y  gases. The a l k y l s  of As and P are  l i q u i d s  a t  room tempera ture  and are  

cons idered  a l t e r n a t e  s o u r c e s  worthy of subsequent i n v e s t i g a t i o n  i n  combination 
w i t h  t h e  boron a l k y l s .  S ince  the  boron a l k y l s  are poorer e l e c t r o n  a c c e p t o r s  
t han  t h e i r  A 1  and Ga c o u n t e r p a r t s ,  compound format ion  w i t h  AsH3 and PH3 

( e l e c t r o n  donors)  is no t  expected. I t  remains t o  be determined i f  t h e  

a v a i l a b l e  B a l k y l s  are e i ther  pure  enough o r  t h e  chemistry of p y r o l y s i s  and 
r e a c t i o n  c l e a n  enough t o  g e n e r a t e  1 1 1 - V  boron f i l m s  on Si and s a p p h i r e  

substrates. The r e s u l t s  of t h i s  f e a s i b i l i t y  s tudy  are r e p o r t e d  below. 

1-5 



Table 2. Open Tube Processes  Used t o  Produce Layers of 
t he  Boron Phosphides. 

Reac tan ts  

BX3 + PH3 ( o r  H2 + P4) 

BX3 + PX3 + H2 

B2H6 + PH3 

Reference 

11, 35 

7, 25, 27, 30-34 

To a somewhat smaller e x t e n t ,  n-type o r  p-type d i f f u s e d  l a y e r s  are formed 
i n  S i  substrates d u r i n g  the e p i t a x i a l  growth of BP on S i  when t h e  B2H6 - PH3 - 
H2 s y s t e m  is used. Takenaka ( 2 8 )  r e p o r t s ,  however, t h a t  BP layers do not  ac t  
as a d i f f u s i o n  s o u r c e  and t h i s  is due t o  small amounts of boron and phosphorus 
t h a t  cover  t h e  substrate  s u r f a c e  du r ing  t h e  ear ly  s t a g e s .  K i m  and Shono (29 )  

have a l s o  shown t ha t  n-BP acts  as a n-type d i f f u s i o n  source  of  phosphorus i n  
S i  and p-BP, a p-type d i f f u s i o n  source  of boron i n  S i .  

The use  of  boron h y d r i d e s  o t h e r  than  B2H6 i n  t h e  p r e p a r a t i o n  of  B-Group V 

compounds may a l s o  lead t o  problems i n  doping c o n t r o l ,  s i n c e  many of t h e  boron 
hydr ides  are q u i t e  u n s t a b l e  a t  r e l a t i v e l y  low t empera tu res  and decompose i n t o  
polymeric B-H forms which may react w i t h  t h e  group V s o u r c e s  such  as A s H 3  t o  
produce impure, non- s to i ch iomet r i c  boron-V compounds. 

An a l t e r n a t e  t o  the above growth p rocesses  which has no t  been r e p o r t e d  
fo r  t h e  growth of e p i t a x i a l  layers  of the  boron-P and As compounds is the 

me ta lo rgan ic  approach (MO-CVD),  first r e p o r t e d  i n  1968 (43 )  by Manasevit  f o r  
t h e  growth of  GaAs on i n s u l a t o r s .  Subsequently,  t h e  fo rma t ion  of o t h e r  1 1 1 - V ,  

1 1 - V I ,  and I V - V I  compound semiconductors was r e p o r t e d  u s i n g  v a r i o u s  
combinations of me ta lo rgan ic s  f o r  p rov id ing  t h e  Group 11, 111, and I V  

c o n s t i t u e n t s  and hydr ides  and me ta lo rgan ic s  f o r  t h e  Group V and V I  e lements  
( 4 4 ,  45). A h i s t o r i c a l  account appea r s  i n  the  J o u r n a l  of C r y s t a l  Growth (46 ) .  
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2. EXPERIMENTAL 

The a l k y l  boron p r e c u r s o r s  used i n  t h i s  s tudy  were t r i e t h y l b o r a n e  ( T E B ) ,  

which melts a t  -93PC and has a vapor p r e s s u r e  of  12.5 mm a t  O O C ,  (from 
S t a u f f e r  Chemical) and gaseous t r ime thy lborane  (TMB),  w i th  a me l t ing  p o i n t  of 
-160OC and a b o i l i n g  p o i n t  of - 2 O O C  (from Strem Chemical). They were s t o r e d  
a t  room tempera ture .  The A s H 3  and PH3 were 10 p e r c e n t  mix tu res  i n  u l t r a - h i g h  
p u r i t y  hydrogen (from Phoenix Research). 

The a p p a r a t u s  used i n  t h e  f i l m  s t u d i e s  was on ly  s l i g h t l y  d i f f e r e n t  from 
earlier d e s c r i p t i o n s  (47,481 i n  tha t  a glass  ro tometer  cal ibrated f o r  H2 was 
used f o r  bo th  H2 and H2-TMB mixtures .  The flow d i f f e r e n t i a l  due t o  TMB w i t h  a 
c o n s t a n t  H2 flow d e f i n e s  an a r b i t r a r y  but c o n t r o l l e d  and opera tor -changeable  
c o n c e n t r a t i o n  of  TMB. The h y d r i d e  and a l k y l  l i n e s  were k e p t  separate w i t h  gas 

mixing o c c u r r i n g  on ly  nea r  t h e  t o p  of t h e  v e r t i c a l  q u a r t z  r e a c t o r .  I n i t i a l  
s t u d i e s  tested t h e  r e a c t i v i t y  of t he  boron p r e c u r s o r s  w i t h  t h e  hydr ides  a t  
room temperature v i a  a q u a r t z  r e a c t o r  w i t h  a T a t  t h e  t o p  t o  p rov ide  separate 
f lows  and t o  confirm t h a t  no s o l i d  o r  l i q u i d  r e a c t i o n  product was gene ra t ed  
either between them o r  wi th  i m p u r i t i e s  i n  t h e  s o u r c e s  on mixing of t he  gases. 

The a l k y l s  were s t o r e d  i n  s t a i n l e s s  s t ee l  c y l i n d e r s ,  t h e  TEB c y l i n d e r  
w i t h  a bubbler  f i t t i n g ;  t h e  TMB was f i t t e d  w i t h  a r e g u l a t o r .  The N2 over- 
p r e s s u r e  used by t h e  vendor i n  sh ipp ing  was removed by purg ing  t h e  TEB w i t h  

H2; t h e  N2 i n  t h e  TMB tank  was removed by submerging a major p o r t i o n  of t h e  
tank i n  l i q u i d  N2 and vacuum pumping off the v o l a t i l e s .  The t ank  was then  

warmed t o  room tempera tu re ,  and t h e  r e g u l a t o r  was s e t  f o r  20 p s i .  A need le  
va lve  was used t o  set t h e  d i f f e r e n t i a l  f low on t h e  glass ro tometer .  Pd- 

p u r i f i e d  H2 was used as the  carrier gas a t  a t o t a l  f low of about  3.2-3.5 LPM 

i n t o  t h e  v e r t i c a l  q u a r t z  r e a c t o r s  f i t t e d  w i t h  a baff le  when t h e  T was no t  
p re sen t .  The substrates were suppor ted  on a Sic-coa ted  g raph i t e  s u s c e p t o r  
that  was i n d u c t i v e l y  heated and r o t a t e d  a t  about  25 rpm. Temperatures 

2- 1 



r e p o r t e d  are  those of a d i g i t a l  readout  of an i n f r a r e d  r a d i a t i o n  thermometer 
( e m i s s i v i t y  set a t  0.82) s i g h t e d  on t h e  side of t h e  heated s u s c e p t o r .  

Simultaneous d e p o s i t i o n s  were u s u a l l y  made on a number of d i f f e r e n t  
p o l i s h e d  s u b s t r a t e s .  These inc luded  s a p p h i r e  [nominally (0001 o r i e n t e d ] ,  
e i ther  or both (100) Si  and ( 1  11 S i ,  and t h i n  f i l m s  of (100) Si  on s a p p h i r e  

(SOS), t h e  l a t t e r  mainly ( a )  as a mask on t h e  sapphi re  s u b s t r a t e  t o  provide  a 

s tep-he ight  for  e a s y  f i l m  t h i c k n e s s  measurement after mask removal and ( b )  

c a n p a r a t i v e  data wi th  t h e  f i l m  grown on t h e  S i  s u b s t r a t e ( s 1 .  GaAs s u b s t r a t e s  
were used i n  a few experiments  designed t o  grow mixed c r y s t a l s  of (BGa)As  and 
( A 1 B ) A s .  S i  s u b s t r a t e s  and/or  f i lms  were given a HF-dip and a thermal etch a t  
900OC-950°C for a t  least  10 minutes  i n  H2 b e f o r e  f i l m  growth. When GaAs 
s u b s t r a t e s  were p r e s e n t ,  A s H 3  flow was i n i t i a t e d  a t  about  5 5 O O C ;  and no high 

tempera ture  etch was used after a HF d i p  o f  t h e  companion S i  wafers/films. 

Due t o  t h e  f ac t  t h a t  the  experiments  are predominantly f e a s i b i l i t y  
s t u d i e s  a n a l y t i c a l  data and o b s e r v a t i o n s  are i n c o r p o r a t e d  i n  each s e c t i o n  
d e a l i n g  w i t h  t h e  spec i f i c  m a t e r i a l  grown rather  t h a n  i n  a remote s e c t i o n ,  even 
though much o f  the  a n a l y t i c a l  data were obta ined  la te r  i n  t he  program. 
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3. RESULTS AND DISCUSSION 

3.1 STUDIES U S I N G  TEB 

3.1.1 Film Growth Using TEB and AsH3 

Because BAS is r e p o r t e d  t o  be u n s t a b l e  above 92OOC (151, a l l  experiments 
were made a t  t empera tu res  of about  900° and below. The i n i t i a l  exper iments  
which were made w i t h  t h e  T-reac tor  gave no ev idence  f o r  i n t e r a c t i o n  a t  room 
tempera ture  between t h e  TEB and A s H 3  over a 60 minute p e r i o d ,  and p y r o l y s i s  of 
t h e  gas mix tu res  produced h i g h l y  adhe ren t ,  r e f l e c t i v e ,  d a r k  and l1smoothlf f i lms 

on t h e  substrates .  During growth and f o r  s e v e r a l  minutes after TEB flow was 
d i s c o n t i n u e d ,  t h e  gases i n  a burn box i n  t h e  exhaust s e c t i o n  d i sp layed  a green  
c o l o r  character is t ic  of boron-containing gases.  Viewing t h e  d e p o s i t  a t  h igh  
magn i f i ca t ion  r e v e a l e d  t h e  presence  of  small c i r c u l a r  o b j e c t s  of d i f f e r e n t  
s i z e s ,  some of which appeared t o  be c o a l e s c i n g ,  as shown i n  F igu re  1 .  

A t  low f lows  (25 and 50 ccpm) of  H2 bubbled through the  TEB, growth (as  
observed on t h e  s a p p h i r e )  u s ing  t h e  T r e a c t o r  was r e l a t i v e l y  slow; and it  took 
s e v e r a l  minutes f o r  the s a p p h i r e  s u b s t r a t e  t o  darken. I n c r e a s i n g  the  flows t o  
100 ccpm caused t h e  s a p p h i r e  t o  darken i n  less t h a n  30 seconds. The T r e a c t o r  

was then  r e p l a c e d  by a s t a n d a r d  one, and t h e  effect  of growth t empera tu re  on 
growth rate and f i l m  composition was determined. 

. A a e r i e s  of boron-arsenide f i lms about 3 pm t h i c k  was grown i n  t h e  

tempera ture  r ange  from 900°C t o  5 5 O O C  u s ing  t h e  same f low of H2 th rough TEB 

(100 ccpm) and 10 p e r c e n t  AsH3-in-H2 (250 ccpm). Growth ra tes  were found t o  be 

e s s e n t i a l l y  c o n s t a n t  (about  0.05kO. 01 m p e r  minute)  over  t h i s  tempera ture  
range. 

Doubling t h e  f low through the  TEB ( t o  200 ccpm), doubled the  growth r a t e  
a t  900°C a l s o ,  conf i rming  t h e  expected growth ra te  dependence on the  concen- 
t r a t i o n  o f  TEB. The f i l m ,  about  6 pm t h i c k ,  buckled on t h e  S i  s u b s t r a t e  
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Figure 1. A SEM Photo o f  t he  Surface o f  a F i l m  Grown 
on Sapphire by Pyrolyzing TEB and AsH3. 
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a f t e r  coo l ing  b u t  f a i l e d  t o  buckle on the sapphi re  and SOS companion 
s u b s t r a t e s ,  presumably due t o  smaller thermal expansion d i f f e r e n c e s .  

Energy d i s p e r s i v e  X-ray a n a l y s i s  ( E D A X )  r e v e a l e d  A s  as a major component 
i n  t h e  ear ly  films ( E D A X  is n o t  s e n s i t i v e  t o  B).  Subsequent ion-microprobe 
mass a n a l y s i s  (IMMA) r e v e a l e d  the  c o n s t i t u e n t s  of s e v e r a l  films t o  be n o t  only 
r i ch  i n  B and A s  b u t  a l s o  C ,  estimated a t  about 10 pe rcen t .  

E l e c t r o n  microprobe a n a l y s i s  (EMPA) of the f i lms  (Table 3) i n d i c a t e  a 
s t e a d y  i n c r e a s e  i n  B c o n t e n t  and decrease i n  A s  c o n t e n t  ove r  t h e  tempera ture  
range  5 5 O O C  t o  about 675OC, a l e v e l i n g  o f f  i n  B and A s  f o r  T = 700-850°C, 
( p y r o l y s i s  of  TEB i n  H2 and A s H 3  appears t o  be complete a t  about  675-7OO0C), 
fo l lowed by some A s  loss  a t  about 8OO0C,  and perhaps some B l o s s  a t  85OOC. 
The C con ten t  changes slowly w i t h  t empera tu re ,  i n c r e a s i n g  from about 4 percen t  
a t  55OOC t o  about  10 p e r c e n t  a t  8 5 O o C ,  b u t  i n c r e a s e s  t o  over 17 p e r c e n t  a t  
900°C, perhaps due  t o  more e f f i c i e n t  p y r o l y s i s  of t he  v o l a t i l e  o r g a n i c  
p roduc t s  of TEB decomposi t ion ,  such as e thy lene  ( 5 0 ) .  Small amounts of 0, up 
t o  abou t  0.3 atomic p e r c e n t ,  were a l s o  measured. The r e s u l t s  seem t o  be 

c o n s i s t e n t  wi th  t he  Auger a n a l y s i s  (AES) p r o f i l e  shown i n  F i g u r e  2 f o r  sample 

39 of  T a b l e  3 a f te r  removal of about  1500A from the 2.8 um-thick f i l m .  

EMPA of the  fi lms grown s imul t aneous ly  on s a p p h i r e  y i e l d e d  compositions 
which were f o r  t h e  most pa r t  the  same as tha t  measured on Si. 

A t r ansmiss ion  measurement of a reddish-brown "boron a r sen ide"  f i l m  on 
sapph i re  made over t h e  IR range 0.5 to 2 .5  urn suggested a bandgap value of 

about 1.65 eV, o n l y  s l i g h t l y  h ighe r  than  t h a t  r e p o r t e d  f o r  the  boron a r s e n i d e s  
l i s t ed  i n  Table 1.  

3.1.2 P y r o l y s i s  of TEB i n  H3 

Somewhat similar s u r f a c e  characterist ics t o  t h o s e  shown i n  F i g u r e  1 were 
found f o r  a f i l m  grown on sapphire by decomposing TEB i n  H2 a t  900°C i n  t h e  

absence o f  AsH3. A dark  f i l m  formed on t h e  s a p p h i r e ,  and white  d e p o s i t s  
coa ted  the c o l d  r e a c t o r  walls both upstream and downstream of t h e  heated 
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Figure 2 .  AES Profile of Elemental Analyses of a Boron Arsenide 
Film on S i  Grown a t  8 5 O O C  from TEB and AsH3. 
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p e d e s t a l .  The wh i t e  d e p o s i t s  appeared t o  be water s o l u b l e  and may be 

a l k y l h y d r i d e s  of boron. S t u d i e s  of the hydrogenolys is  of TEB a t  lower 
tempera tures  and h igh  H2 p r e s s u r e s  (49 )  and of TEB without  H2 (50 )  have been 

r e p o r t e d .  

IMMA r e s u l t s  showed t h e  d a r k  f i l m  conta ined  mainly boron and carbon,  and 
a small peak a t  27 atomic u n i t s  was a t t r i b u t e d  t o  either A 1  or BO, probably 
t he  l a t te r .  If it is BO, then  TEB may c o n t a i n  a borate contaminant which may 
be t h e  s o u r c e  of t h e  oxygen found by AES i n  analyzed films. I R  t r a n s m i s s i o n  
of the f i l m  on s a p p h i r e  sugges ted  a bandgap of 1.82 eV. 

A few films were grown from mixtures  of TEB, t r i m e t h y l g a l l i u m  (TMG) and 
A s H 3 ,  and TEB, tr imethylaluminum (TMA), and AsH3 t o  g e n e r a t e  examples of 

either mixed c r y s t a l  films of BGaAs (16) or B A l A s  on s u b s t r a t e s  of S i ,  GaAs, 

and sapphi re .  The films (red-brown i n  t r a n s m i s s i o n )  were grown i n  t h e  

tempera ture  range  750-800°C, w i t h  A s H 3  added a t  about  55OOC t o  s t a b i l i z e  t h e  

GaAs s u b s t r a t e .  Characteristic peaks a t t r i b u t e d  t o  Ga and A 1  were found i n  
the f i l m s  v i a  IMMA, b u t  AES i n d i c a t e d  t h e  oxygen c o n t e n t  i n  t h e  f i l m s  was 
h i g h e r  t h a n  t h a t  found i n  t h e  boron a r s e n i d e  fi lms (5-9 p e r c e n t  E 1.5 
p e r c e n t ) .  EMPA showed the  f i lms  t o  be s u r p r i s i n g l y  low i n  Ga and A 1  ( less  
than  1 atomic p e r c e n t ) .  T h i s  may be due t o  r e a c t i o n  of t h e  Ga and A 1  a l k y l s  
wi th  oxygen-containing (borate?) i m p u r i t i e s  i n  t h e  TEB. The va lue  of a more- 
in -depth  a n a l y s i s  of t h e  ffmixed crystalsff  is somewhat precluded by the  

impur i ty  l e v e l s  i n  t h e  films. 

3.1.4 An Attempt a t  Mul t i - layer  Growth of G a A s / B A s  on S i n g l e  
C r y s t a l  S u b s t r a t e s  

. .  

One experiment was made i n  t he  s e q u e n t i a l  growth of GaAs (a -4.5 pm 

t h i c k  f i l m  grown a t  735OC) on a mirrored boron-arsenide f i l m  (-0.8 I J ~  t h i c k )  

grown a t  85OOC on s a p p h i r e  and ( 1 O O ) S i  (HF-dipped) s u b s t r a t e s ,  w i t h  a 10  
minute purge between growths. The r e s u l t i n g  composites were gray  and small 
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g r a i n e d ,  w i t h  ev idence  of ch ipping  a t  t he  edges of the f i lms  grown on the 

Si. The r e s u l t s  i n d i c a t e d  a h e t e r o e p i t a x i a l  composite had no t  been achieved.  

3.1.5 Fi lm Growth Using TEB and PH3 

S t u d i e s  i n  t h i s  chemical system were similar but  no t  so  e x t e n s i v e  as i n  
t h e  TEB-AsH3 s t u d i e s .  T-reactor experiments  gave no i n d i c a t i o n  of a d d i t i o n  
compound format ion  a t  room temperature, b u t  f i l m  growth s t u d i e s  on S i ,  SOS, 

and s a p p h i r e  s u b s t r a t e s  i n  a llstandardll r e a c t o r  produced a b lack  d e p o s i t  a t  
1000°C on t h e  s i d e  of the pedestal;  and the  bottom edges of t h e  s u b s t r a t e s  
were a l s o  blackened wi th  a c r y s t a l l i n e  depos i t .  The films on t h e  t o p  s u r f a c e ,  
however, appeared smooth and r e f l e c t i v e .  I n  t h i s  l i m i t e d  s t u d y  t h e  best  
appear ing  f i lms were grown a t  950OC. Growth a t  71OOC l e d  t o  fi lms t h a t  were 

crazed  and c r y s t a l l i n e .  White deposits were observed on t h e  q u a r t z  r e a c t o r  
c o l d  walls for  a f i l m  growth temperature of 8 1 O o C ,  s u g g e s t i n g  i n t e r m e d i a t e  
r e a c t i o n s  were o c c u r r i n g  between t h e  PH3 and TEB source  o n  h e a t i n g .  

As i n  t h e  case of t h e  boron-arsenide s t u d i e s ,  I M M A  r e v e a l e d  the  presence 
of major amounts of B, P,  and C i n  t he  f i lms  grown a t  95OOC and 1000°C. A 

band observed a t  atomic number 47 may be due t o  P-0. AES of t h e  f i l m  grown a t  

95OOC showed as much as 8 atomic p e r c e n t  oxygen i n  t h e  f i l m ,  down from the 26 

atomic p e r c e n t  measured on t h e  s u r f a c e  pr ior  t o  removing 200A by s p u t t e r i n g  i n  
A r .  The measured B, P, and C l e v e l s  were r e s p e c t i v e l y  65 p e r c e n t ,  5.8 
p e r c e n t ,  and about  21 percent .  

EMPA of two o t h e r  f i lms (grown a t  8 1 O O C  and 906OC) i n d i c a t e d  t h e  B 

c o n t e n t  was i n c r e a s i n g  with growth tempera ture  (38 and 45 atomic p e r c e n t ) ,  t h e  

P c o n t e n t  d e c r e a s i n g  (from 46 t o  23 p e r c e n t ) ,  and t h e  C i n c r e a s i n g  (from 15 

and 31 p e r c e n t ) .  The AES and EMPA data show t h e  films are becoming B and C 

r i c h .  S ince  the above f i l m s  were grown u s i n g  the  same H2 flow through t h e  TEB 
(100 ccpm) and same PH3-in-H2 flow (100 ccpm), i t  may be t h a t  t h e  P 

c o n c e n t r a t i o n  a t  t h e  higher growth tempratures was too low t o  accommodate t h e  

a v a i l a b l e  B species. S t u d i e s  of growth u s i n g  higher P /B  ra t ios  are sugges ted .  
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I R  t r a n s m i s s i o n s  of s e v e r a l  boron phosphide f i l m s  on s a p p h i r e  gave va lues  
of 2.0 eV, similar t o  l i t e r a t u r e  va lues  f o r  BP (18) even though carbon 
contaminat ion  was r e l a t i v e l y  h igh .  

3.2 GROWTH STUDIES U S I N G  TMB 

3.2.1 F i l m  Growth Using TMB and A s H 3  

Using t h e  procedure  described earlier f o r  c o n t r o l l i n g  t h e  amount of TMB 

used f o r  f i l m  d e p o s i t i o n  ( S e c t i o n  2.0),  TMB and A s H 3  were i n i t i a l l y  tested v i a  
a T r e a c t o r  t o  de te rmine  i f  any r e a c t i o n  occur red  on mixing t h e  gases  a t  room 
tempera ture .  F i l m s  were grown from TMB and A s H 3  over  t h e  
l i m i t e d  t empera tu re  range  of  about 8 4 O o C  t o  875OC. The f i l m s  grown on Si and 
A1203 a t  a r a t e  of about  0.1 pm/min and below were m i r r o r - l i k e ,  and a 

4.3 pm-thick f i l m  was no t  c razed .  

None was ev iden t .  

Another f i l m ,  5.8 pm t h i c k ,  however, was h e a v i l y  c r a z e d  on Si and 
s l i g h t l y  c razed  on s a p p h i r e .  A t  f i rst  i t  was thought  t h e  h igh  growth r a t e  of 
t h i s  f i l m  (0.38 pm/min) l e d  t o  poor f i l m  growth i n  an atmosphere low i n  
AsH3.  But subsequent  e l e c t r o n  microprobe a n a l y s i s  of t h i s  and o t h e r  f i l m s  
grown from TMB and A s H 3  a t  t h e  lower growth r a t e  i n d i c a t e d  the  atomic 
pe rcen tages  of B (85-87 p e r c e n t )  and A s  (11-14 p e r c e n t )  i n  t h e  f i l m s  were i n  
f a c t  r easonab ly  c o n s i s t e n t .  Higher B c o n t e n t s  and lower C c o n t e n t s  (about  2 

pe rcen t  C) were found i n  f i l m s  made from TMB and A s H 3  t han  i n  f i lms made from 
TEB and AsH3 (see S e c t i o n  3.1.1).  The c r a z i n g  of t he  5.8 pm t h i c k  f i l m  and 
bowing observed f o r  a 4.1 pm-thick f i l m  on Si i n d i c a t e d  t h e  f i l m  is under 
c o n s i d e r a b l e  stress and t h a t  t h e  thermal expansion c o e f f i c i e n t s  of  t h e  

d e p o s i t s  are cons ide rab ly  d i f f e r e n t  from t h a t  of  Si. 

I R  t r a n s m i s s i o n  o f  a 1.6 pm-thick f i l m  on s a p p h i r e  sugges t ed  t h e  bandgap 
t o  be 1.92 eV, somewhat h ighe r  than  t h a t  r e p o r t e d  f o r  boron a r s e n i d e  f i l m s  
grown from TEB and A s H 3  and f o r  t h e  f i l m  produced by pyro lyz ing  H2-TEB mix- 
t u r e s  (see S e c t i o n  3.1.2). 
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I f  t h e  compara t ive ly  low C c o n t e n t  i n  these B-As f i lms made from TMB and 
AsH3 is d i scoun ted  and t h e  B / A s  r a t i o  is c a l c u l a t e d ,  one o b t a i n s  f i l m  
compositions of  B6-8As o r  B12-16As2, n o t  t o o  f a r  o u t  of l i n e  withB13As2, a 
r e p o r t e d  s u b a r s e n i d e  of B. But the suba r sen ide  is normally produced a t  growth 
tempera tures  greater than  1000°C. Fur the r  s t u d i e s  are needed t o  de te rmine  how 
f i l m  composition changes wi th  changes i n  t h e  TMB/AsH3 r a t i o .  

3.2.2 P y r o l y s i s  of TMB (wi thou t  ASH,) 
2 

An experiment i n  which TMB was pyrolyzed i n  H2 a t  900°C produced a 
"rnetall ic-lookingfl  somewhat wr inkled  f i l m  on A 1 2 0 3 ;  on Si, however, t h e  f i l m  

was r e l a t i v e l y  smooth t o  t h e  naked eye. An AES p r o f i l e  of  t he  metall ic f i l m  

(see F igure  3)  showed it  t o  c o n t a i n  about 85-88 atomic p e r c e n t  B w i t h  C and 0 

impur i ty  l e v e l s  of 6-8 p e r c e n t  and 0-1 pe rcen t  r e s p e c t i v e l y .  EMPA, however, 
gave va lues  of -97 p e r c e n t  B and -3 p e r c e n t  C i n  t h e  f i l m .  

3.2.3 Growth S t u d i e s  Using TMB and PH3 

It was determined e a r l y  i n  t h e  s t u d y  t h a t  t h e  growth of  a boron-phosphide 
f i l m  u s i n g  TMB and PH3 was q u i t e  d i f f e r e n t  from t h a t  ob ta ined  us ing  TEB and 
PH3. As i n  t h e  case of TEB and PH3, no r e a c t i o n  between TMB and PH3 was 

e v i d e n t  a t  room t empera tu re ,  b u t  p y r o l y s i s  of TMB and PH3 m i x t u r e  a t  
t empera tu res  a t  and g r e a t e r  t han  about 900°C resul ted i n  uneven f i l m  growth as  

evidenced by t h e  fo rma t ion  of both r e f l e c t i v e  and gray  c r y s t a l l i n e  s e c t i o n s  on 
the  same subs t r a t e .  Op t i ca l  micrographs sugges t ed  the gray  areas of the 

l l f i l m l l  t o  c o n t a i n  spherical  b a l l s  as shown i n  F i g u r e  4a; b u t  SEM photos taken  
a t  60° t o  t h e  s u r f a c e  showed t h e  presence  of  l i g h t l y  f a c e t e d  c r y s t a l l i t e s  of 
d i f f e r e n t  s izes  i n  hemispher ica l  form ( F i g u r e s  4b & c) .  The photos  i n  F igu re  

4 and 5 suppor t  t h e  concept t h a t  t h e  c r y s t a l l i t e s  are  t h e  r e s u l t  o f  t h e i r  

format ion  by p re -nuc lea t ion  i n  t he  gas  phase a t  a f i n i t e  d i s t a n c e  from t h e  

s u b s t r a t e  s u r f a c e  due t o  thermal r a d i a t i o n  from the  h o t  s u s c e p t o r .  

Cleavage of t h e  s u b s t r a t e  and f i l m  showed t h a t  t h e  c rys ta l l i t es  were not  
imbedded i n  t he  s u b s t r a t e  bu t  " s i t t i n g "  on the  s u r f a c e ,  as  shown i n  F i g u r e  5a 
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. F i g u r e  3. AES P r o f i l e  Data f o r  B, C, and 0 i n  a F i l m  Produced by 
P y r o l y z i n g  TMB i n  H2 a t  900°C. 
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&b,  w i t h  p a r t  o f  t h e  c r y s t a l l i t e  i n  t h e  l e f t  c e n t e r  of photo 5a hanging 
ove r  t h e  edge of t h e  break. Mapping of the  c rys t a l l i t e s  by scanning  Auger 
microprobe/wavelength d i s p e r s i v e  X-ray a n a l y s i s  (SAM/WDX)  i n d i c a t e d  t h e  

c r y s t a l l i t e s  con ta ined  mainly B, P ,  and C ,  which was a l s o  found i n  t h e  f l a t  

s h i n y  areas between c r y s t a l l i t e s  and over  f l a t ,  l a r g e  areas of the (111) S i  

s u b s t r a t e .  An Auger survey  of t h e  r e f l e c t i v e  area a f t e r  removal of 
about  250A from the  8 pm-thick f i l m  showed l e v e l s  of P of about  64 p e r c e n t ;  
B, about  32 p e r c e n t ;  carbon,  3-5 p e r c e n t ;  and oxygen, from 0 t o  1 p e r c e n t  i n  
the  first 2500A of f i l m ,  va lues  q u i t e  d i f f e r e n t  from measurements of a f i l m  

grown from TEB and PH3. 

By lower ing  t h e  growth tempera ture  t o  about  875OC and as low as 85OoC, 
more uniform films e s s e n t i a l l y  f ree  of  l a r g e  c r y s t a l l i t e s  ( o r  n u c l e i )  were 
produced, b u t  some c r a z i n g  was ev iden t  i n  f i lms even as t h i n  as 2 pm grown on 
bo th  (111)Si  and (lOO)Si,  similar t o  t h a t  shown i n  F i g u r e  6 f o r  a 3 pm-thick 

f i l m .  No cracks were seen  i n  t h e  f i l m s  grown s imul t aneous ly  on  s a p p h i r e  and 
SOS. A 9 pm-th ick  f i l m  grown on S i  a t  86OOC f l aked  o f f  t h e  s u b s t r a t e  on 
be ing  cooled  t o  room tempera ture  w i t h  large f lakes  cu rv ing  upward, i n d i c a t i n g  
cons ide rab le  stress i n  these f i lms  as well. 

E l e c t r o n  microprobe a n a l y s e s  of  s e v e r a l  of the  t h i n n e r  boron-phosphide 
fi lms grown on S i  from TMB and PH3 ove r  t h e  tempera ture  range  8 5 O O C  t o  89OOC 
were somewhat c o n s i s t e n t  i n  B (-50 p e r c e n t ) ,  showed a s l i g h t  i n c r e a s e  i n  P 

(38 t o  46 p e r c e n t ) ,  and showed less C a t  t h e  h i g h e s t  growth t empera tu re  (13 

percen t  a t  85OoC, 10 pe rcen t  a t  875OC, and about  5 pe rcen t  a t  89OOC). 

If t h e  C c o n t e n t  i n  t h e  f i lms  is not  cons idered  and t h e  B/P r a t i o  is 

c a l c u l a t e d ,  f i l m  composi t ions of B1.1-1.3P are o b t a i n e d ,  n e a r  t h a t  of 

s t o i c h i o m e t r i c  BP. 

The lower carbon c o n t e n t  i n  f i lms grown us ing  TMB as  t h e  B sou rce  p o i n t  
t o  its be ing  performed t o  TEB for  both t he  growth of boron-arsenide and boron- 
phosphide films. I t  remains t o  be determined i f  t h e  C measured i n  t h e  films 

is due t o  i m p u r i t i e s  a s s o c i a t e d  w i t h  t he  p recu r so r  or i n h e r e n t  i n  t h e  p rocess  

of decomPOsing TEB and TMB i n  a H2 atmosphere c o n t a i n i n g  A s H 3  or P H ~ ,  
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Figure 6. Crazing Observed in a 3 prn-Thick Film Grown on (111)Si 
by Pyrolyzing TMB and PH at 850°C: (a) at 300X 
Magnification; (b) Selecsed Area 
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An I R  t r a n s m i s s i o n  measurement of a 2 pm-thick f i l m  of boron phosphide 
grown on s a p p h i r e  a t  8 7 5 O C  i n d i c a t e d  t h e  bandgap t o  be 2.1 eV, n o t  t o o  d i f -  

f e r e n t  from t h e  f i l m  produced from TEB and PH3, bo th  w i t h  r e l a t i v e l y  h igh  
carbon c o n t e n t .  

Table  4 c o n t a i n s  a summary o f  composi t iona l  and bandgap data measured on 
s e v e r a l  r e p r e s e n t a t i v e  fi lms grown dur ing  the  program. 

The presence  o f  r e l a t i v e l y  h igh  c o n c e n t r a t i o n s  of carbon (and oxygen) i n  
the films appea r s  t o  have prec luded  the  growth of s i n g l e  c rys ta l s  of boron 
phosphide ( B P )  and boron a r s e n i d e  (BAS)  even though there were ear ly  
i n d i c a t i o n s  from two d i f f e r e n t  l a b o r a t o r i e s  t h a t  a t  least  one of t h e  "BAs"/Si  

f i l m s  grown from TEB and TMB and one "BP"/Si  f i l m  grown from TEB was s i n g l e  
c rys ta l  ( o t h e r s  were r e p o r t e d  t o  be p o l y c r y s t a l l i n e ,  mu l t iphase ,  and/or 
amorphous). The f i l m s  grown on S i  are stressed cons ide rab ly  as evidenced by 

bowing of t h e  composites and cons ide rab le  c r a z i n g  i n  t h e  f i lms .  

Back r e f l e c t i o n  Laue' p a t t e r n s  taken  of  composites grown from TEB and 
A s H 3  ear ly  i n  t h e  program showed on ly  one se t  of p o l e s  ( s p o t s  on t h e  Laue ' ) .  
An amorphous f i l m  would n o t  be recorded  by t h e  Laue' ,  whereas a 
p o l y c r y s t a l l i n e  f i l m  would have produced a r i n g  p a t t e r n  superimposed on t h e  

s p o t  p a t t e r n  due t o  t h e  substrate .  None was ev iden t .  A s i n g l e  c rys ta l  f i l m  

on t h e  o t h e r  hand could have i ts  po les  c o i n c i d e n t  w i t h  t h o s e  of t h e  sub-  

s t ra te .  I n t e r p r e t a t i o n  of  t he  Laue' would no t  be conc lus ive .  

X-ray d i f f r a c t i o n  scans  a t  t h e  Unvers i ty  of I l l i n o i s  of these samples,  

however, sugges t ed  t o  t h e  examiner t h a t  t he  f i l m s  were, i n  f a c t ,  s i n g l e  
c r y s t a l .  B u t  subsequent  chemical a n a l y s i s  r e v e a l e d  t h a t  t h e  films grown from 
TEB were h igh  i n  C and 0 a t  impur i ty  l e v e l s  t h a t  should  have prec luded  s i n g l e  
crystal  growth. Add i t iona l  e v a l u a t i o n  of these films and data i n d i c a t e d  t h e  

f irst  conc lus ion  was i n  e r r o r  ( t he  28 peaks were due t o  t h e  substrate rather 

than  the  f i l m )  and t h a t  the  f i l m  is probably  amorphous. 

Even though C and 0 were p r e s e n t  as i m p u r i t i e s ,  t h e  bandgaps of t h e  f i l m s  

measured, as determined by I R  t r ansmiss ion  measurements, f e l l  i n  t h e  range  

3-15 



a 
4 

m 
W 
7 

m . 
7 

I 
I 

m 
c 

m 

Ln 
CC 

0 
0 m 
I 
0 m co 

X- tn 
4 

+ 

H z 
(u co 
7 

I 
I 

I 
I 

0 
0 m 

m w 

a 
4 

9 
(u 

co 

W 

I 
I 

c 
(u 

m 
W 

z m 

Xrn a 
+ 
w 
b 

m 

a x  z a  4 w  El4 

(u m 
. I  

c I  

I I  
I 1  

I 1  
I I  

m m  
I I  

N . r  

- e  

e- 

M M  
I I  

( u N  

m W  coco 
I I  
o m  coco 

o m  
O h  mco 
I I  
0 0  W m  coco 

i? 
4 
+ 
9 
b 

a z x  4 w w  

- + $  
N Z Z  

I l l  
I l l  

m o  
I ' M  m m 7  

( u c n m  m = r = r  

0 0 0  o m m  m c o c o  

X* a 
+ 
m z 
f- 

3-16 



1.65 t o  1.92 eV f o r  t h e  boron a r s e n i d e s  and 2.0 and 2.1 eV f o r  t h e  boron 

phosphides,  the  l a t t e r  be ing  t he  l i t e r a t u r e  v a l u e s  f o r  BP. Because of t h e i r  

large bandgaps, one might cons ide r  u s ing  such fi lms f o r  such a p p l i c a t i o n s  as 
facet c o a t i n g s  f o r  lasers, f o r  g e n e r a t i n g  amorphous material f o r  s o l a r  cel ls ,  

and/or as high t empera tu re  c o a t i n g s  f o r  a mul t i t ude  o f  d i f f e r e n t  materials. 

The f i lms grown were extremely d i f f i c u l t  t o  remove from any of t h e  heated 

p a r t s  of  the  r e a c t o r  sys t em,  i.e. t h e  r e a c t o r  wal ls ,  p e d e s t a l ,  and p e d e s t a l  
ho lder .  They are q u i t e  chemically i n e r t ,  p a r t i c u l a r l y  i n  t h e  case of t h e  

boron phosphides ,  as r e p o r t e d  by o t h e r s  growing such f i l m s  (20). Prolonged 
e t c h i n g  i n  h o t  HN03 and/or  HF-HN03 m i x t u r e s  w i l l  remove/undercut a boron- 
a r s e n i d e  f i l m  attached t o  t h e  parts made of  q u a r t z .  Scrubbing w i t h  a s t i f f  

b rush  between e t c h i n g  steps w i l l  h e l p  loosen  parts of t h e  f i l m .  B u t  prolonged 
exposure  of the HF-containing mix tu re  w i l l  etch the q u a r t z ,  c loud  t h e  s u r f a c e ,  
and require f r e q u e n t  replacement of t h e  etched s e c t i o n .  

The boron-phosphides are even more d i f f i c u l t  t o  remove, p a r t i c u l a r l y  from 
t h e  p e d e s t a l  used t o  s u p p o r t  t h e  s u b s t r a t e s .  Prolonged exposure  t o  molten 
NaOH o r  HF/HN03 mix tu res  was needed t o  e t ch lunde rcu t  the films on t h e  q u a r t z .  

Subsequent ly ,  it was necessa ry  t o  dedicate s p e c i f i c  p e d e s t a l s  t o  either 

t h e  a r s e n i d e  o r  phosphide s t u d i e s  and n o t  attempt f i l m  removal between 
d e p o s i t i o n  r u n s  s i n c e  t h e  d e p o s i t s  appeared t o  be s t a b l e  i n  t h e  H2 environment 
a t  high t empera tu res .  
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4. CONCLUSIONS AND RECOMMENDATIONS 

It has been demonstrated t h a t  f i l m s  con ta in ing  boron and phosphorus and 
boron and a r s e n i c  can be made by pyro lyz ing  i n  a H2 atmosphere Group I11 
a l k y l s  of boron, namely t r ime thy lborane  and t r i e t h y l b o r a n e ,  i n  the presence  of 
PH3 and A s H 3  r e s p e c t i v e l y .  However, pu re  and s t o i c h i o m e t r i c  s i n g l e  c r y s t a l  
films of BP and BAS on s i l i c o n  and s a p p h i r e  s u b s t r a t e s  have no t  been 
i s o l a t e d .  The fi lms were found t o  be predominantly amorphous and h igh ly  
stressed and bowed on S i  substrates but  much less  so on s a p p h i r e  and s i l i c o n -  
on-sapphire s u b s t r a t e s .  They con ta ined  r e l a t i v e l y  l a r g e  amounts of carbon and 
lesser amounts of oxygen, as determined by Auger and/or  e l e c t r o n  microprobe 
ana lyses .  These i d e n t i f i e d  i m p u r i t i e s  may have prec luded  t h e  format ion  of  
s t o i c h i o m e t r i c  BP and BAS layers. I t  is not known i f  t h e  carbon is  an 
i n h e r e n t  byproduct of the p y r o l y s i s  of t h e  a l k y l  boron compound and w i l l  

always be p r e s e n t  i n  films grown a t  tempera tures  up t o  about 1000°C, o r  i f  t h e  

carbon i s  the r e s u l t  of p y r o l y s i s  of i m p u r i t i e s  a s s o c i a t e d  w i t h  t h e  a l k y l  

borons . 
The C l e v e l  was lower i n  f i l m s  grown us ing  TMB as the  boron s o u r c e  and 

was growth temperature dependent. Films grown from PH3 and TMB showed a 

h ighe r  C c o n t e n t  t han  t h o s e  grown from A s H 3  and TMB. Based on t h e i r  BIAS and 
B/P r a t i o s ,  f i lms  wi th  nominal composi t i o n s  B1 2-1 gAs2 and B1. -1 .3 P were grown 

u s i n g  TMB as  the  boron source .  

Subsequent s t u d i e s  should  e x p l o r e  nex t  ( a )  t h e  use  of  h ighe r  gas  phase 
Group V/Group I11 r a t i o s  as a means f o r  minimizing C contaminat ion:  ( b )  t h e  

use  of  p r e c u r s o r s  determined t o  be of h igh  p u r i t y ;  ( c )  t h e  chemis t ry  o f  t he  

r e a c t i o n s ;  and ( d )  o t h e r  a l k y l  s o u r c e s  of boron and Group V e lements  f o r  
producing these high temperature semiconductors.  
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